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Extensive 13C, 15N, and 2H labeling of tetraglycine was used to investigate the b3
 ¡ a3*
reaction during low-energy collision-induced dissociation (CID) in a quadrupole ion-trap mass
spectrometer. The patterns observed with respect to the retention or elimination of the isotope
labels demonstrate that the reaction pathway involves elimination of CO and NH3. The
ammonia molecule includes 2 H atoms from amide or amino positions, and one from an
-carbon position. The loss of NH3 does not involve elimination of the N-terminal amino
group but, instead, the N atom of the presumed oxazolone ring in the b3
 ion. The COmolecule
eliminated is the carbonyl group of the same oxazolone ring, and the -carbon H atom is
transferred from the amino acid adjacent to the oxazolone ring. Quantum chemical calcula-
tions indicate a multistep reaction cascade involving CO loss on the b3¡ a3 pathway and loss
of NHCH2 from the a3 ion to form b2. In the postreaction complex of b2 and NHCH2, the
latter can be attacked by the N-terminal amino group of the former. The product of this attack,
an isomerized a3 ion, can eliminate NH3 from its N-terminus to form a3*. Calculations suggest
that the ammonia and a3* species can form various ion–molecule complexes, and NH3 can
initiate relay-type mobilization of the oxazolone H atoms from -carbon positions to form a
new oxazolone isomer. This multiple-step reaction scheme clearly explains the isotope labeling
results, including unexpected scrambling of H atoms from -carbon positions. (J Am Soc
Mass Spectrom 2006, 17, 1654–1664) © 2006 American Society for Mass SpectrometryCID and tandem mass spectrometry [1, 2] are nowwell established as effective tools for derivingsequence information from peptides and pro-
teins. The various reaction pathways involved in the
dissociation of protonated peptides have recently been
extensively reviewed [3]. Fragmentation of protonated
peptides under low-energy collision conditions is dom-
inated by reactions that involve cleavage of the amide
bonds along the peptide backbone [4, 5]. Qualitatively,
protonated peptide dissociation can be described using
the “mobile proton model” [6 –19], for which a main
tenet is the intra-molecular migration of protons from
the most basic group on a peptide to the site of cleavage.
The recently introduced “pathways in competition”
(PIC) fragmentation model [3] provides a more general
framework, taking into account specific features of
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doi:10.1016/j.jasms.2006.07.012individual peptide fragmentation pathways (PFPs) and
their interaction. PIC states that fragment ion abun-
dances in the MS/MS spectra of peptides are deter-
mined by predissociation, bond-cleavage, and post-
cleavage events. The predissociation phase involves
proton transfers (mobile proton) and internal rotations
necessary to populate fragmenting species. Besides the
actual bond-cleavage mechanisms, energetics, and ki-
netics that determine competition of the PFPs, the
postcleavage phase determines the fate of the added
proton (e.g., which fragment will appear as charged
species) based on the proton affinities (or gas-phase
basicities) of the species involved. In the present article
we will show that additional transitions like association
and relay type exchange reactions can occur in post-
cleavage ion–molecule complexes formed by peptide
fragments.
The dominant product ions from the CID of proton-
ated peptides are those of the bn and ym series, with the
former representing ionized fragments containing the
N-terminus and the latter containing the C-terminus of
the original peptide. While originally proposed to be
acylium ions [20 –22], the bn ions are now generally
accepted to have a cyclic oxazolone structure [23–30].
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been the subject of both experimental and theoretical
studies [24, 29, 31, 32]. A principal product derived
from the dissociation of a bn ion is the an species, which
is formed through a ring-opening reaction and the
elimination of CO [24, 33]. A second product, labeled
an*, has been observed in the metastable ion dissocia-
tion [24] and CID of small peptides [34, 35]. Formation
of this particular product involves the net loss of 45
mass units (Da), which in earlier reports was proposed
to involve elimination of CO and NH3.
In an investigation of the CID of protonated alanine
oligomers, Harrison and Young proposed that a3* is
generated by decomposition of the a3 ion through the
mechanism shown in Scheme 1. [34]. The pathway
suggested involves proton transfer from the imine
nitrogen atom to the N-terminal amino group, followed
by nucleophilic attack (by the same imine nitrogen
atom) upon the -carbon position of the N-terminal
amino acid and subsequent elimination of the amino
terminus as NH3. The structure proposed for the prod-
uct ion (a3*) is reminiscent of substituted diketopipera-
zines, which have been implicated in the formation of
ym type ions from protonated peptides [36].
Glish and coworkers used the relative reactivities of
bn
 ions with dimethylamine in an ion-trap mass spec-
trometer to demonstrate an apparent unique behavior
for b3
 ions [35]; in particular that the formation rate for
a dimethylamine adduct was lowest for b3 ions when
compared to b2 and b4 ions generated from a range of
peptides. The differences in reaction rate were used as
evidence that the b3 ion may be formed by a pathway
similar to that shown in Scheme 1, and a similar process
was proposed by Vachet et al. to describe formation of
a4 and a5 ions from a series of leucine enkephalin
analogues [37].
In this article, formation of a3* ions from a model
peptide is discussed using experimental and theoretical
strategies. The experimental work involved synthesis of
tetraglycine (GGGG) with specific 13C, 15N, and 2H
labeling of amino acid residues and elucidation of CID
pathways using multiple-stage tandem mass spectrom-
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Scheme 1. Pathway for generation of a3* from a3 proposed by
Harrison and Young.etry. The goal of the isotope labeling studies was toidentify the atoms within the b3 ion that are eliminated
upon formation of a3*. A comprehensive molecular
dynamics and computation/theoretical investigation
was then undertaken to provide mechanistic details of
the underlying chemistry necessary to produce a3*
along a pathway that accounts for the observations
made in the isotope labeling study.
Experimental and Computational Details
Experimental work was performed at the Department
of Chemistry, Wichita State University, Wichita, KS.
The molecular dynamics simulations and the quantum
chemical calculations were carried out at the German
Cancer Research Center at Heidelberg. Both the exper-
imental and theoretical strategies are briefly described
below.
Mass Spectrometry
All peptides used in this study were generated by
conventional solid-phase synthesis methods [38] using
9-fluorenylmethoxycarbonyl (Fmoc)-glycine loaded
Wang resin (Sigma Chemical, St. Louis, MO) and a
custom-built, multiple reaction vessel peptide synthesis
apparatus. Glycine-15N (H2
15NCH2COOH, G-
15N), gly-
cine-1-13C (H2NCH2
13COOH, G-1-13C), -d2-glycine
(H2NCD2COOH, -d2-G), and Fmoc-chloride were pur-
chased from Sigma Chemical (St. Louis, MO) and used
to generate N-terminus Fmoc-protected amino acids for
incorporation into the model peptides. Fmoc protected
glycine (G) were purchased from Sigma and used as
received. Peptides, once cleaved from the resin, were
used without subsequent purification in the CID stud-
ies. The sequence of each peptide, and in particular the
position of isotope labels, was confirmed using multi-
ple-stage CID of Na and Ag cationized versions. The
positions of the isotope labels were also used to confirm
that the major sequence ions generated by CID of
protonated GGGG are b3
 arising by elimination of the
C-terminal G residue, and y2
 arising by elimination of
2 G residues from the N-terminus. Solutions of each
peptide were prepared by dissolving the appropriate
amount of solid material in a 1:1 (vol:vol) mixture of
HPLC grade MeOH (Aldrich Chemical, St. Louis, MO)
and deionized H2O to produce final concentrations of
105 to 104 M.
For experiments in which the CID of amino, amide,
and acid deuterium labeled peptides was examined, the
relevant peptides were incubated in a 50/50 mixture of
D2O and CH3OD (Aldrich Chemical, St. Louis, MO) for
2 h. The peptide solutions in deuterated solvent were
then injected into the ESI without further modification.
In this case, ESI produced abundant (M  D) ions.
ESI mass spectra were collected using a Finnigan
LCQ-Deca ion-trap mass spectrometer (ThermoFinni-
gan, San Jose, CA). Peptide solutions were infused into
the ESI-MS instrument using the incorporated syringe
pump and a flow rate of 5 l/min. The atmospheric
1656 COOPER ET AL. J Am Soc Mass Spectrom 2006, 17, 1654–1664pressure ionization stack settings for the LCQ (lens
voltages, quadrupole, and octopole voltage offsets, etc.)
were optimized for maximum (M  H) transmission
to the ion trap mass analyzer by using the auto-tune
routine within the LCQ Tune program. Following the
instrument tune, the spray needle voltage was main-
tained at 5 kV, the N2 sheath gas flow at 25 units
(arbitrary for the Finnigan systems, corresponding to
0.375 L/min) and the capillary (desolvation) temper-
ature at 200 °C. Helium was used as the bath/buffer gas
to improve trapping efficiency and as the collision gas
for CID experiments.
The CID studies (MS/MS andMSn) were performed as
follows. The (M  H) ions were isolated for the initial
CID stage (MS/MS) using an isolation width of 0.9 to 1.2
mass to charge (m/z). Product ions selected for subsequent
CID (MSn) experiments were isolated using widths of 1.0
to 1.3 m/z. The exact width was chosen empirically and
reflected the best compromise between high precursor ion
abundance and the isolation of a single isotopic peak. The
(mass) normalized collision energy, which defines the
amplitude of the R.F. energy applied to the end cap
electrodes in the CID experiment, was set between 20 and
25%, which corresponds roughly to 0.55 to 0.68 V with the
instrument calibration used in this study). The activation
Q (as labeled by ThermoFinnigan, used to adjust the qz
value for the precursor ion) was set at 0.30. Subsequent
CID stages were performed using similar activation pa-
rameter settings. The activation time employed at each
CID stage was 30 msec.
Computational Details
The potential energy surface (PES) of the GGGG b3 ion
was investigated using the strategy developed recently
[3, 28, 29] to deal with protonated peptides. These
calculations involved molecular dynamics simulations
using the InsightII program (Biosym Technologies, San
Diego, CA) to produce starting geometries and quan-
tum chemical calculations at the HF/3-21G, B3LYP/6-
31G(d) and finally at the B3LYP/6-31  G(d,p) levels.
Transition structures (TS) corresponding to various
fragmentation pathways of the GGGG b3 ion were deter-
mined at the B3LYP/6-31G(d) and B3LYP/6-31  G(d,p)
levels of theory. In most of the cases the transition struc-
tures were checked by using intrinsic reaction path calcu-
lations (IRC) to unambiguously define which minima are
connected by the TS investigated. Relative energies were
calculated by using the B3LYP/6-31  G(d,p) total ener-
gies and zero-point energy corrections (ZPE) determined
at the B3LYP/6-31G(d) level. For all ab initio calculations
the Gaussian [39] program was used.
Results and Discussion
CID of Native and Isotope Labeled GGGG
Figure 1 shows the multiple-stage CID spectra gener-
ated from protonated GGGG. CID (MS/MS stage) of (M H) at m/z 247 (Figure 1a) produced prominent (M 
H2O  H), b3 and y2 ions at m/z 229, 172, and 133,
respectively. Subsequent CID of b3
 (MS3 stage, Figure
1b) produced a3
 and b2
 at m/z 144 and 115, respec-
tively. The peak at m/z 127 in Figure 1b is 45 Da lower
in mass than the b3
 ion and represents the a3* ion as
identified in an earlier study of the CID of oligoalanine
peptides [34]. Isolation and dissociation of a3
 at m/z 144
(MS4 stage, Figure 1c) led primarily to the a3* species,
with the b2 ion as a minor product. The multiple-stage
CID results suggest a reaction sequence for generation
of a3* that involves the decomposition of b3
 to a3
, and
then a3
 to a3*. Identification of a pathway for direct
formation of a3* from b3
, without a3
 as an intermediate,
would require double-resonance experiments [31],
which are not possible with our unmodified LCQ.
Figure 2 shows the product ion spectrum generated
by CID (MS3 stage) of the b3 ion at m/z 176, derived
initially from D cationized GGGG in which all amino,
amide, and acid groups were labeled with D via solu-
tion-phase hydrogen/deuterium exchange before ESI.
The a3* ion appeared as three peaks at m/z 128, 129, and
130, corresponding to net neutral losses (from the b3

species) of 46, 47, and 48 Da and reflecting the elimina-
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Figure 1. Multiple-stage CID spectra derived from protonated
GGGG: (a) CID (MS/MS) of (M  H), (b) CID (MS3) of b3
, (c)
CID (MS4) of a3
.tion of 1, 2, and 3 D atoms, respectively. The elimination
1657J Am Soc Mass Spectrom 2006, 17, 1654–1664 FORMATION OF a3* IONSof up to 3 D atoms supports the proposal that the MSn
CID pathway to generate a3* involves the elimination of
CO and NH3, and the isotopic distribution in Figure 2
suggests that the favored route is the elimination of CO
and ND2H for the amino, amide, and acid deuterium-
exchanged peptide. An alternative reaction pathway
that involved the loss of CO and OH (also a net loss of
45 Da for unlabeled GGGG) would produce a maxi-
mum shift in the H/D exchange experiment of only
46 Da.
In the spectrum shown in Figure 2, the b2 species
appears as discrete isotopic peaks at m/z 118 and 119.
The peak at m/z 118 represents the formation of b2 via
the elimination of 58 Da, consistent with the elimination
of CO and a D labeled imine (NDCH2). The peak at
m/z 119, instead, reflects the loss of 57 Da during
formation of the b2 ion from the b3 species. This
observation suggests that H atoms from an -carbon
position may be transferred during the reactions to
produce certain b ions by CID. Similar observations
were made following CID of the peptides containing
-d2-G as described below.
The product ion spectra generated from CID (MS3 of
the b3 ions initially derived from GGGG precursor
peptides containing G-1-13C or G-15N are shown in
Figure 3 and Figure 4, respectively. The loss of 45 Da to
produce a3* shifted to 46 Da when the precursor peptide
was either GG(G-1-13C)G or GG(G-15N)G (13C or 15N
label contained within the amino acid adjacent to the
C-terminus) as shown in Figures 3a and 4a, respec-
tively. No shift in mass of the neutral eliminated was
observed when the glycine residue with the isotope
label was positioned either adjacent to the N-terminus
(Figures 3b and 4b) or at the N-terminus (Figures 3c
and 4c).
The amino acid adjacent to the C-terminus in the
precursor tetrapeptides makes up the oxazolone ring
portion of the b3
 product ion. For GG(G-1-13C)G the
neutral loss to generate the a3 ion from b3
 (Figure 3a)
shifted to 29 Da. The mass shift of neutral loss is
consistent with the opening of the oxazolone ring and
elimination of CO (13CO for the peptide with G-1-13C
adjacent to the C-terminus).
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Figure 2. CID (MS3) of b3
 generated by dissociation (MS/MS) of
(M  D) derived from amino, amide, and acid D-exchanged
GGGG.The product ion spectra generated from CID (MS3stage) of the b3 ions initially derived from GGGG
precursors containing -d2-G are shown in Figure 5. For
CID of b3
 generated from GG(-d2-G)G (-d2 labeled
residue positioned adjacent to the C-terminus), a3* was
formed through the net loss of 45 Da (Figure 5a).
However, the neutral loss associated with formation of
a3* exhibited a shift to 46 and 47 Da, with a preference
for the loss of 46 Da (one -carbon position D-atom
eliminated), when the precursor peptide was G(-d2-
G)GG (labeled residue positioned adjacent to the N-
terminus) as shown in Figure 5b. The preferred loss of
1 D atom from the labeled G residue is consistent with
the isotopic distribution in the neutral loss from the
amino, amide, and acid deuterium-labeled peptides
(Figure 2), in which the preference was for a loss of two
amide or amino D atoms.
In Figure 5b, the b2 species generated by CID of the
b3 ion derived from protonated G(-d2-G)GG was also
split into discrete isotopic peaks at m/z 116 and 117. The
latter represents the elimination of CO and an imine (as
a net loss of 57 u) from the oxazolone ring to generate
b2
. The former, however, reflects the elimination of 58
Da. The loss of 58 Da suggests the exchange of an H
atom from the oxazolone ring (or portions of the ring)
for a D atom at the -carbon position of the amino acid
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Figure 3. CID (MS3) of b3
 species derived for dissociation
(MS/MS) of protonated, 13C labeled forms of GGGG: (a) GG(13C
G)G, (b) G(13C  G)GG, (c) (13C  G)GGG.
1658 COOPER ET AL. J Am Soc Mass Spectrom 2006, 17, 1654–1664adjacent to the N-terminus during the formation of b2
.
The labeling data suggest that the splitting of the b2 ion
in Figure 5b is induced by exchange that involves
-carbon H atoms of the G residue adjacent to the
N-terminus. The exchange/transfer of the H and D
atoms during formation of b2
 from the peptide contain-
ing -d2-G is consistent with the splitting of the b2 ion
peak observed following CID of GGGG with D ex-
changed onto the amino, amide, and acid positions.
Mechanism of Formation of a3* Ions
The consensus based on a number of experimental and
theoretical studies is that the bn ions of peptides with
aliphatic side chains have a cyclic, oxazolone structure
[23–31]. With this in mind, the 13C and 15N isotope
labeling experiments, particularly the results obtained
for protonated GG(G-1-13C)G and GG(G-15N)G (substi-
tution with G-1-13C or G-15N adjacent to the C-terminus
of GGGG), demonstrate that formation of a3* involves
elimination of the carbonyl group (as CO) and the N
atom, as part of NH3, from the presumed oxazolone
ring of the b3 ion. It is interesting to note that N-
terminal acetylation completely suppressed the forma-
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Figure 4. CID (MS3) of b3
 species derived for dissociation
(MS/MS) of protonated, 13C labeled forms of GGGG: (a) GG(15N
 G)G, (b) G(15N  G)GG, (c) (15N  G)GGG.tion of a3* (spectra not shown), a result that suggeststhat the reaction pathway involves an attack by the
N-terminal amino group. However, the fact that the
mass of the neutral species eliminated during formation
of a3* did not change when the precursor peptide was
(G-15N)GGG clearly shows that the formation of a3*
does not involve elimination of the protonated N-
terminal amino group as suggested in Scheme 1.
It is important to recognize that the a3* isomer of
Scheme 1 is a diketopiperazine derivative having two
cis amide bonds. The N-terminal amide bonds of GGGG
and that of the related b3 and a3 ions are in the trans
isomerization state, and formation of the diketopipera-
zine derivative a3* of Scheme 1 requires their trans-cis
isomerization. In other words, the attacking imine N
can approach the protonated N-terminal amino group
only if the N-terminal amide bond is in the cis isomer-
ization state. This means that the two structures de-
picted in Scheme 1 for the a3 ion are two distinct isomers
that are connected by transition structures with signif-
icant barriers [40] and cannot simply be equated as
shown in Scheme 1. Gas-phase trans-cis isomerization of
amide bonds involves amide N protonated species as
described in detail in a recent study of protonated GGG
[40]. The major conclusion of the work with GGG is that
trans-cis isomerization of amide bonds is energetically
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Figure 5. CID (MS3) of b3
 species derived for dissociation
(MS/MS) of protonated GGGG containing -d glycine: (a)2
GG(-d2  G)G, (b) G(-d2  G)GG, (c) (-d2  G)GGG.
eratio
1659J Am Soc Mass Spectrom 2006, 17, 1654–1664 FORMATION OF a3* IONSpossible but kinetically disfavored compared with other
pathways like b2-y1.
The major steps of an alternative pathway to forma-
tion of a3*, one that explains the isotope labeling results
(including those of the scrambling of H atoms from
-carbon positions), are depicted in (Scheme 2). and
(Scheme 3). The corresponding relative energetics are
graphically shown in Figure 6. (The most important
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1660 COOPER ET AL. J Am Soc Mass Spectrom 2006, 17, 1654–1664N-terminal amide oxygen. The corresponding a3 ¡ b2
PFP involves a TS (II_III) of 35.1 kcal/mol internal
energy and leads to a complex of the oxazole and the
imine fragments (III, Erel at 30.9 kcal/mol). Under
low-energy conditions this complex likely has a short
but finite life-time, which may allow reisomerization to
form various proton-bound dimmers like IV (Erel at 25.3
kcal/mol) and V (Erel at 25.3 kcal/mol). For the latter,
the imine fragment is protonated and the amino group
of the oxazolone fragment is close to the carbon of the
imine. The next step in Scheme 2 is association of the
imine and the oxazolone fragments via attack by the
amino group of the latter on the imine carbon, a process
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relevant minima, TSs and their relative energetics.that involves a TS (V_VI) of 30.0 kcal/mol relative
energy. After some exothermic proton transfer reac-
tions, species VII (Erel at 17.6 kcal/mol) is formed that
eliminates ammonia by passing TS VII_VIII of 33.7
kcal/mol relative energy. Note that this multi-step
mechanism is energetically feasible: the highest energy
point is the a3¡ b2 TS on the pathway at 35.1 kcal/mol
relative energy. Furthermore, Scheme 2 clearly explains
the 15N labeling data presented above and predicts that
the nitrogen of the oxazolone ring of b3 is lost upon
formation of a3*.
While the reaction pathway proposed in Scheme 2
accounts for the elimination of isotope labels from
specific amide positions in the 15N and 13C labeled
GGGG peptides, it does not explain why H atoms are
transferred and eliminated from specific -carbon posi-
tions (namely, those in the amino acid adjacent to the
amino terminus) upon formation of a3* and b2. It is
worth noting here that scrambling of -carbon H atoms
is usually not observed upon CID [11]. A plausible
mechanism that accounts for the -carbon H scrambling
of the a3* ion is depicted in Scheme 3 where all labile H
atoms are replaced by D atoms to reflect the experiment
on D cationized GGGG in which all amino, amide, and
acid groups were labeled with D via solution-phase
H/D exchange before ESI.
Species passing the VII_VIII ammonia-loss TS
(Figure 7) can form various complexes and proton-
bound dimers (for example, VIIIa. . .NH3, Supple-
mentary Material section) of a3* and NH3 under
low-energy CID conditions (the four a3* isomers
(VIIIa-d) considered in the text are depicted in Figure
on coordinate
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allow proton transfer reactions and reisomerizations
to form complex VIIIc. . .NH3 (Figure 7) in which the
oxazolone fragment is protonated at the oxazolone N
and ammonia is bonded by the C-H. . .ND3 bridge. A
relay-type H/D exchange TS (relay HDX TS, Figure
7), as invoked for gas-phase H/D exchange reactions
[41, 42], would lead to a complex of another a3*
isomer (VIIId) and NHD2. It is worth noting here that
complex VIIId. . .NH3 is the global minimum on the
PES of a3* and NH3 while species VIIIa. . .NH3 is only
slightly less favored (Supplementary Material sec-
tion). To explain the observed high H/D scrambling
reaction rates of the oxazolone -carbon Hs, we note
that the relay HDX TS (37.1 kcal/mol relative energy)
is energetically more favored than separated a3* and
Figure 7. a3*–NH3 compammonia (37.9 kcal/mol relative energy, Figure 6).Spatial separation of VIIId and NHD2 in VII-
Id. . .NHD2 (Figure 7) leads to a singly H/D ex-
changed a3* species. Exchange of the other -carbon
H can occur after rotation of NHD2 around the
O-D. . .N axis in VIIId. . .NHD2 and reversal of the
reaction of Scheme 3 and an additional relay step to
form finally VIIId. . .NH2D where VIIId bears two
Ds at the -C and OH positions.
In VIIId, the 5-membered ring features a stabiliz-
ing aromatic character because of two ring double
bonds and a lone pair on the ring oxygen atom, and
the former carbonyl O becomes an alcohol group. It is
worth noting here that VIIIc is the energetically most
favored a3* isomer, the relative energies of VIIIa,
VIIIb, and VIIId (Figure 8) compared with VIIIc are
6.6, 3.6, and 7.9 kcal/mol, respectively. Isomers such
s and TS HDX relay TS.as species VIIId are possible for various b ions as
mers
1662 COOPER ET AL. J Am Soc Mass Spectrom 2006, 17, 1654–1664well and their structure and reactivity will be subject
of a forthcoming study.
The computational/theoretical results suggest that
the scrambling of the -carbon H atoms observed in
the experimental study does not occur before the first
fragmentation step (b3¡ a3 PFP) as usual for labile H
atoms of protonated peptides but happens in the
postdissociation complexes of the fragments. It is
worth noting here that this observation is difficult to
explain using the “mobile proton” model, which
deals strictly with predissociation events of peptide
fragmentation [3]. On the other hand, the recent PIC
fragmentation model [3] provides a flexible frame-
work to understand such complex chemistries like
formation of a3* ions and related scrambling of -car-
Figure 8. Various isobon H atoms of protonated peptides. Likely a similarmechanism can be invoked to explain -carbon H
scrambling of the b2 ion observed in Figure 2 and
Figure 5.
Conclusions
A comparison of the CID of native and amino, amide
and acid D-exchanged GGGG demonstrates that the
formation of a3* from b3
 involves the elimination of CO
and NH3, with the latter neutral species carrying two H
atoms originating from amino or amide sites and one H
atom from an -carbon position. The use of 15N labeled
glycine residues within the GGGG sequence showed
that the reaction to produce a3* does not result in the
elimination of the N-terminal amino group, as sug-
of the GGGG a3* ion.gested in Scheme 1, but instead involves the amide N
1663J Am Soc Mass Spectrom 2006, 17, 1654–1664 FORMATION OF a3* IONSatom from the presumed oxazolone ring of the b3 ion,
two H atoms from amide positions, and one H atom
from the -carbon of the amino acid adjacent to the
oxazolone ring.
A multi-step reaction pathway involving elimination
of CO from b3
 to form a3
 and loss of NHCH2 from a3

to form b2
 is proposed. The NHCH2 and b2 products
can form various complexes and proton-bound dimers
allowing nucleophilic attack of the oxazolone amine N
atom on the imine C atom. The attack leads to another
a3 isomer that can easily eliminate an ammonia mole-
cule that includes the former C-terminal imine N atom
of a3
. Scrambling of H atoms from -carbon positions is
explained by interaction of ND3 and various a3* isomers
on energetically feasible relay-type H/D exchange
pathways. These results indicate that the MS/MS spec-
tra of protonated peptides can be a result of rather
complicated chemistries involving reisomerization,
fragment association and exchange reactions. While the
complicated chemistry is not readily explained using
the “mobile proton” model of peptide fragmentation,
the alternative PIC [3] model can easily account for the
observed phenomena.
Acknowledgments
This work was supported by grants to MVS from the National
Science Foundation (CAREER-0239800) and the Kansas Technol-
ogy Enterprise Corporation/Kansas NSF EPSCoR program and a
Faculty Scholar Award from the Kansas Biomedical Research
Infrastructure Network. SS and BP are indebted to the Deutsche
Forschungsgemeinschaft (SU 244/3-1) for financial support.
References
1. TandemMass Spectrometry; McLafferty, F. W., Ed.; Wiley: New York, NY,
1983.
2. Busch, K. L.; Glish, G. L.; McLuckey, S. A. Mass Spectrometry/Mass
Spectrometry: Techniques and Applications of Tandem Mass Spectrometry;
VCH: New York,NY, 1988.
3. Paizs, B.; Suhai, S. Fragmentation Pathways of Protonated Peptides.
Mass Spectrom. Rev. 2004, 24, 508–548.
4. Hunt, D. F.; Yates J. R. III.; Shabanonowitz J.; Winston S.; Hauer, C. R.
Protein Sequencing by TandemMass Spectrometry. Proc. Natl. Acad. Sci.
U.S.A. 1986, 83, 6233–6237.
5. Biemann, K. Contributions of Mass Spectrometry to Peptide and Protein
Structure. Biomed. Environ. Mass Spectrom. 1988, 16, 99–111.
6. Jones J. L.; Dongré, A. R.; Somogyi, ´A.; Wysocki, V. H. Sequence
Dependence of Peptide Fragmentation Efficiency Curves Determined
by Electrospray Ionization/Surface-Induced Dissociation Mass Spec-
trometry. J. Am. Chem. Soc. 1994, 116, 8368–8369.
7. Dongré A. R.; Jones, J. L.; Somogyi, Á.; Wysocki, V. H. Influence of
Peptide Composition, Gas-Phase Basicity, and Chemical Modification
on Fragmentation Efficiency: Evidence for the Mobile Proton Model.
J. Am. Chem. Soc. 1996, 118, 8365––8374.
8. Tsaprailis G.; Nair, H.; Somogyi, á.; Wysocki, V. H.; Zhong, W.; Futrell,
J. H.; Summerfield, S. G.; Gaskell, S. J. Influence of Secondary Structure
on the Fragmentation of Protonated Peptides. J. Am. Chem. Soc. 1999,
121, 5142––5154.
9. Wysocki, V. H.; Tsaprailis, G.; Smith, L. L.; Breci, L. A. Mobile and
Localized Protons: A Framework for Understanding Peptide Dissocia-
tion. J. Mass Spectrom. 2000, 35, 1399–1406.
10. Tsang, C. W.; Harrison, A. G. Chemical Ionization of Amino Acids.
J. Am. Chem. Soc. 1976, 98, 1301–1308.
11. Harrison, A. G.; Yalcin, T. Proton Mobility in Protonated Amino Acids
and Peptides. Int. J. Mass Spectrom. Ion Processes 1997, 165, 339–347.
12. Burlet, O.; Yang, C. Y.; Gaskell, S. J. Influence of Cysteine to Cysteic
Acid Oxidation on the Collision-Activated Decomposition of Proton-
ated Peptides: Evidence for Intraionic Interactions. J. Am. Soc. Mass
Spectrom. 1992, 3, 337–344.
13. Cox, K. A.; Gaskell, S. J.; Morris, M.; Whiting, A. Role of the Site of
Protonation in the Low-Energy Decompositions of Gas-Phase Peptide
Ions. J. Am. Soc. Mass Spectrom. 1996, 7, 522–531.14. Summerfield, S. G.; Whiting, A.; Gaskell, S. J. Intraionic Interactions in
Electrosprayed Peptide Ions. Int. J. Mass Spectrom. Ion Processes 1997,
162, 149–161.
15. Summerfield S. G.; Cox K. A.; Gaskell, S. J. The Promotion of d-Type
Ions During the Low-Energy Collision-Induced Dissociation of Some
Cysteic Acid-Containing Peptides. J. Am. Soc. Mass Spectrom. 1997, 8,
25–31.
16. Tang, X.; Boyd, R. K. An Investigation of Fragmentation Mechanisms of
Doubly Protonated Tryptic Peptides. Rapid Commun. Mass Spectrom.
1992, 6, 651–657.
17. Tang, X.; Thibault, P.; Boyd, R. K. Fragmentation Reactions of Multiply-
Protonated Peptides and Implications for Sequencing by Tandem Mass
Spectrometry with Low-Energy Collision-Induced Dissociation. Anal.
Chem. 1993, 65, 2824–2834.
18. Csonka, I. P.; Paizs, B.; Lendavy, G.; Suhai, S. Proton Mobility in
Protonated Peptides: A Joint Molecular Orbital and RRKM Study. Rapid
Commun. Mass Spectrom. 2000, 14, 417–427.
19. Paizs, B.; Csonka, I. P.; Lendvay, G.; Suhai, S. Proton Mobility in
Protonated Glycylglycine and N-Formylglycylglycine: A Combined
Quantum Chemical and RRKM Study. Rapid Commun. Mass Spectrom.
2001, 15, 637–647.
20. Roepstorff, P.; Fohlman, J. Proposal for a Common Nomenclature for
Sequence Ions in Mass Spectra of Peptides. Biomed. Env. Mass Spectrom.
1984, 11, 601.
21. Biemann, K. Sequencing of Peptides by TandemMass Spectrometry and
High-Energy Collision Induced Dissociation. Methods Enzymol. 1990,
193, 455–465.
22. Papayannopoulos, I. A. The Interpretation of Collision-Induced Disso-
ciation Tandem Mass Spectra of Peptides. Mass Spectrom. Rev. 1995, 14,
49–73.
23. Yalcin, T.; Khouw, C.; Csizmadia, I. G.; Peterson, M. R.; Harrison, A. G.
Why are b Ions Stable Species in Peptide Spectra? J. Am. Soc. Mass
Spectrom. 1995, 6, 1165–1174.
24. Yalcin T.; Csizmadia, I. G.; Peterson M. B.; Harrison A. G. The Structure
and Fragmentation of bn (n 3) Ions in Peptide Spectra. J. Am. Soc. Mass
Spectrom. 1996, 7, 233–242.
25. Nold, M. J.; Wesdemiotis, C.; Yalcin, T.; Harrison, A. G. Amide Bond
Dissociation in Protonated Peptides. Structures of the N-Terminal Ionic
and Neutral Fragments. Int. J. Mass Spectrom. Ion Processes 1997, 164,
137–153.
26. Paizs, B.; Lendvay, G.; V“ekey, K.; Suhai, S. Formation of b2
 Ions from
Protonated Peptides: An ab Initio Study. Rapid Commun. Mass Spectrom.
1999, 13, 525–533.
27. Harrison, A. G.; Csizmadia, I. G.; Tang, T.-H. Structures and Fragmen-
tation of b2 Ions in Peptide Mass Spectra. J. Am. Soc. Mass Spectrom. 2000,
11, 427–436.
28. Paiz, B.; Suhai, S. Combined Quantum Chemical and RRKM Modeling
of the Main Fragmentation Pathways of Protonated GGG. II. Formation
of b2, y1, and y2 ions. Rapid Commun. Mass Spectrom. 2002, 16, 375–389.
29. Paizs B.; Suhai, S. Towards Understanding the Tandem Mass Spectra of
Protonated Oligopeptides. 1: Mechanism of Amide Bond Cleavage.
J. Am. Soc. Mass Spectrom. 2004, 15, 103–112.
30. Polfer, N. C; Oomens, J.; Suhai, S.; Paizs, B. Spectroscopic and Theoret-
ical Evidence for Oxazolone Ring Formation in Collision Induced
Dissociation of Peptides. J. Am. Chem. Soc. 2005, 127, 17154–17155.
31. Vachet, R. W; Ray, K. L.; Glish, G. L. Origin of Product Ions in the
MS/MS Spectra of Peptides in a Quadrupole Ion Trap. J. Am. Soc. Mass
Spectrom. 1998, 9, 341–344.
32. Fang, D. C.; Yalcin, T.; Tang, T. H.; Fu, X. Y.; Harrison, A. G.; Csizmadia,
I. G. Electron Distribution in Cationic Fragments Generated Mass
Spectrometrically from Peptides. J. Mol. Struct. (Theochem.) 1999, 468,
135–149.
33. Paizs, B.; Szlávik, Z.; Lendvay, G.; Vékey, K.; Suhai, S. Formation of a2

Ions of Protonated Peptides: An ab Initio study. Rapid Commun. Mass
Spectrom. 2000, 14, 746–755.
34. Harrison, A. G.; Young, A. B. Fragmentation of Protonated Oligoala-
nines: Amide Bond Cleavage and Beyond. J. Am. Soc. Mass Spectrom.
2004, 15, 1810–1819.
35. Allen, J. M.; Black, D. M.; Glish G. L. Do b3 Ions Have the Same
Structure as Other bn Ions? Proceedings of the 52nd ASMS Conference on
Mass Spectrometry and Allied Topics; Nashville, TN, May, 2004;
A042471.pdf.
36. Cordero, M. M.; Houser, J. J.; Wesdemiotis, C. The Neutral Products
Formed During Backbone Fragmentations of Protonated Peptides in
Tandem Mass Spectrometry. Anal. Chem. 1993, 65, 1594–1601.
37. Vachet, R. W.; Bishop, B. M.; Erickson, B. W.; Glish, G. L. Novel Peptide
Dissociation: Gas-Phase Intramolecular Rearrangement of Internal
Amino Acid Residues. J. Am. Chem. Soc. 1997, 119, 5481–5488.
38. Fmoc Solid Phase Peptide Synthesis—A Practical Approach; Chan, W. C.;
White, P. D., Eds.; Oxford University Press Inc.: New York, NY, 2000.
39. Gaussian 03, Revision D.01. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.;
Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Montgomery, Jr. J. A.;
Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.;
Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.;
Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.;
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.;
Nakai, H.; Klene, M.; Li, J. E.; Knox, H. P.; Hratchian, Cross, J. B.;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.;
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala,
P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
1664 COOPER ET AL. J Am Soc Mass Spectrom 2006, 17, 1654–1664Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K. Foresman, J. B.; Ortiz,
J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stfanov, B. B.;
Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.;
Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe,
M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.;
Pople, J. A. Gaussian, Inc., Wallingford CT, 2004.
40. Paizs, B.; Suhai, S. Combined Quantum Chemical and RRKMModeling
of the Main Fragmentation Pathways of Protonated GGG. I. Cis-Trans
Isomerization Around Protonated Amide Bonds. Rapid Commun. Mass
Spectrom. 2001, 15, 2307–2317.41. Campbell, S.; Rodgers, M. T.; Marzluff, E. M.; Beauchamp, J. L.
Deuterium Exchange Reactions as a Probe of Biomolecule Structure.
Fundamental Studies of Gas Phase H/D Exchange Reactions of Proton-
ated Glycine Oligomers with D2O, CD3OD, CD3CO2D, and ND3. J. Am.
Chem. Soc. 1995, 117, 12840–12854.
42. Wyttenbach, T.; Paizs, B.; Barran, P.; Breci, L.; Liu, D.; Suhai, S.;
Wysocki, V. H.; Bowers, M. T. The Effect of the Initial Water of
Hydration on the Energetics, Structures, and H/D-Exchange Mecha-
nism of a Family of Pentapeptides: An Experimental and Theoretical
Study. J. Am. Chem. Soc. 2003, 125, 13768–13775.
